Missouri University of Science and Technology

Scholars' Mine
International Conference on Case Histories in
Geotechnical Engineering

(1984) - First International Conference on Case
Histories in Geotechnical Engineering

10 May 1984, 9:00 am - 12:00 pm

Shale Pit Slopes - A Case History
D. H. Shields
University of Manitoba, Winnipeg, Manitoba, Canada

Follow this and additional works at: https://scholarsmine.mst.edu/icchge
Part of the Geotechnical Engineering Commons

Recommended Citation
Shields, D. H., "Shale Pit Slopes - A Case History" (1984). International Conference on Case Histories in
Geotechnical Engineering. 6.
https://scholarsmine.mst.edu/icchge/1icchge/1icchge-theme7/6

This work is licensed under a Creative Commons Attribution-Noncommercial-No Derivative Works 4.0 License.
This Article - Conference proceedings is brought to you for free and open access by Scholars' Mine. It has been
accepted for inclusion in International Conference on Case Histories in Geotechnical Engineering by an authorized
administrator of Scholars' Mine. This work is protected by U. S. Copyright Law. Unauthorized use including
reproduction for redistribution requires the permission of the copyright holder. For more information, please
contact scholarsmine@mst.edu.

Shale Pit Slopes - A Case History
D. H. Shields
Professor and Head of Civil Engineering, University of Manitoba, Winnipeg, Manitoba

SYNOPSIS.
The preliminary design for 180 metre high open pit mine slopes in shale is described.
Given the complex geology and material properties, the first choice would have been to use reliability theory.
The state-of-the-art of probabilistic methods in geotechnical engineering precludes
this, and a deterministic approach to design was resorted to instead.

INTRODUCTION

In order to facilitate planning for the new
mine from a geotechnical engineering point of
view, the prime engineering consultants on the
project at that time (MCS Consultants Ltd. of
Vancouver, Canada) planned and executed a
detailed boring and testing program.
The main
purpose of this field and laboratory program
was to enable preliminary decisions to be made
with respect to such things as operating bench
height and width, overall pit slope angles, the
suitability of waste disposal sites and the
probable condition of the waste, the probable
quantity of seepage water into the pit, and the
stability of the bottom of the pit at various
stages of development.
All of these decisions
were important for mine planning, including
equipment selection and economic analyses.

Two stated objectives of this conference are:
1) to advance state-of-the-art knowledge and 2)
to give definite directions to research work in
the future.
This paper is writ ten with these
two objectives in mind.
The initial geotechnical investigations for the
proposed development of the Bukit Asaro open pit
coal mine in Indonesia, and the preliminary
design studies for the pit walls, will be used
as a case study.
As will be seen, the stateof-the-art of open pit mine design leaves much
to be desired; research is required on many
fronts in geotechnical engineering to enable
pit slopes to be designed with an acceptable
degree of confidence.

The author had responsibility for the field
investigation, soil and rock testing, and
selection of material design parameters.
He
also was responsibile for the geotechnical
analyses.
The final recommendations and
decisions with respect to preliminary geotechnical based design were the result of a
team effort, with the team being made up of
geologists, mine planners, mining engineers,
geotechnical
engineers
and
management
personnel.
Throughout the recommendation and
design stage the author was the principal geotechnical member of the team and is, therefore,
familiar with both the capabilities and the
limitations
of
present day geotechnical
engineering as applied to this particular
project.

PART I - THE PROJECT
Description of the Project
As part of the overall effort to improve the
external balance of payments of Indonesia, the
Government of Indonesia and the World Bank
agreed to develop jointly an integrated coal
mine, transportation system, and thermalelectric generating plant project.
By burning
indigenous coal to produce electricity instead
of indigenous oil or natural gas, the more
saleable petroleum products can be released for
export to earn much needed foreign currency.
The name of this one and a half billion dollar
project is taken from the name of the site of
the coal mine - Bukit Asaro.
It is the development of the coal mine part of the project which
is the subject of this paper.

For the purposes of this conference, only the
design of the pit walls will be considered. If
time and space permitted, other topics could be
raised. Such other topics might include how to
determine the digabili ty of rock for equipment
selection and design, the design of mine haul
roads on clay shale when only limited
quantities of sound granular material are
available, and the proper management of spoil
dumps in which both the spoil itself and the
foundation soil at the dump site are weak.

Bukit Asaro is located in south Sumatra. A coal
mine has been in operation there for over 60
years.
Production from the existing mine has
never exceeded 300,000 tonnes per year; the new
mine will involve a ten fold increase in
production to over 3, 000,000 tonnes per year.
Over the 25 to 30 year life of the new mine, an
open pit one kilometre wide by three kilometres
long will be opened up. The pit may eventually
be as deep as 200 metres.
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Hydrology
The average annual rainfall at Bukit Asam
exceeds 3,000 mm; there are on average 150 rain
days per year. Rainfall intensities of as high
as 150 mm are predicted for a two hour storm
with a return period of 25 years.

existing open pit,
they had outcrops to
observe, and they had records available to them
from underground workings.
The Geological
Survey of Indonesia was able to supply regional
geological maps for the area.
Survey staff
were on site, as well, doing delineation
drilling and geological interpretation . .

The mine site is generally flat lying with poor
drainage. As a result for much of the year the
apparent groundwater table is coincident with
the ground surface.

As was stated previously, although the clay
shales, coal and other rocks are of sedimentary
origin, they are no longer flat lying. Instead,
they have been uplifted and domed into a shape
resembling the back of a whale.
The 'whale's
head' points to the north and plunges downward;
the tail also plunges downward (except that the
Buki t might be considered to be a fluke of the
tail?).
It is at the high point of the whale's
back that the coal is being mined and has been
for years.
The new pit will be centred around
the old one.
Enlarging the existing pit will
require digging out greater and greater depths
of shale and other overburden in order to
follow the coal down slope, that is to say down
the dip of the beds along the spine and both
flanks of the 'whale'.
The relatively recent
intrusive,
geologic events have caused
extensive faulting of the beds; the vertical
throw of the various faults has been measured
to be from a few metres to as much as 50
metres.

Geological Setting
The important coal formations at Bukit Asam are
all located within the lower reaches of the
Middle Palembang beds which are of late Miocene
age.
These beds are normally 800 metres thick
but most of the upper 400 metres have been
eroded away at the mine site.
The lower unit
(400 metres thick) is made up of coal seams,
brown-grey claystones, sandy claystones and
coarse sandstones. The top of this lower Middle
Palembang unit is the uppermost of the five
coal seams which will probably be exploited at
Bukit Asam - the so-called A-1 coal seam.
The overburden above the A-1 seam - and it is
this overburden which is of particular interest
in this case study - is the lower part of the
upper Middle Palembang;
this lower part
consists of claystones with some tuff and coal.
All of the upper Middle Palembang and the A-1
and A-2 coal seams of the lower Middle
Palembang have been excavated from the centre
of the site, during the development of the
existing mine.

A typical profile of the site (as proposed for
coal quantity determination and mine planning)
is shown in Figure 1.
It was concluded that a
fairly complete picture of the physical geology
was available for geotechnical purposes, at
least from the point of view of major factors
such as the depth and thickness of the beds and
the location and direction of major faults.

The Middle Palembang is underlain by marine
beds (whereas the Middle Palembang itself is
mainly of continental origin).
A distinctive
tuffaceous stratum, the Kasai tuff formation,
overlies the Middle Palembang and is the marker
bed which distinguishes the Middle from the
Upper Palembang.

In general terms, the A-1 coal seam is 8 metres
thick; it is separated from the A-2 coal seam
by 3 m of shale and sandstone. The A-2 seam is
9 metres thick.
The interburden between the A
and B seam is clay shale interbedded with sandstone; this interburden averages 16 metres in
thickness.
Coal seams B-1 and B-2 are, on
average, 10 metres and 3 metres thick respectively; the bedrock between B-1 and B-2 is 3
metres thick and is predominantly shale. Some
27 metres of sandstone over 12 metres of clay
shale overlie coal seam C which, in turn, is 8
metres thick.
Hard to very hard clay shale
underlies C seam.

In theory, given that the Middle Palembang is
essentially of sedimentary or~g~n, the beds
should be flat lying.
However, late tertiary
and quaternary igneous activity has complicated
the structural geology at the mine site.
Volcanic eruptions to the south and west
resulted in the deposition of tuffs and
breccias over the area, along with tuffaceous
clastic sediments. Intrusive masses are common;
locally these are represented by dykes and
laccoliths.
It is speculated that a laccolith
intrusion has led to a doming of the Palembang
at Bukit Asam. A prominent physical feature of
the site is the remnant of an andesite dyke;
this more resistant material now rises like a
finger out of the flat terrain immediately to
the south of the pit limits.
Some 200 metres
high, this finger is called Buki t Asam, which
in Indonesian comes from Bukit meaning hill and
Asam referring to the tamarind fruit trees
growing on the hill.

Geotechnical Investigation
Modern diamond drilling equipment was used to
put down seven continuously cored boreholes in
1979.
The holes were widely spaced over the
site and were drilled to a depth of from 110 to
180 metres.
A large rotary drill, using clear
water as the drilling fluid, drilled a number
of hydrogeology test holes at three of the
diamond drill locations; the rotary drillholes
were used to define the local hydrogeologic
regime at each of the three locations. Careful
note .was made of water losses and water flow
during drilling; both falling head permeability
tests and pumping tests were performed in the
rock and coal at various intervals of depth.

A team of geologists was able to build up a
fairly complete picture of the physical geology
of the mine. They had access to the results of
literally hundreds of exploration and delineation borings which had been put down at
various times during the 60 year life of the
existing mine.
They had access as well to the

Fifteen pneumatic and fifteen Casagrande type
piezometers were installed in the various boreholes. Readings were taken at regular intervals
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stand forever) would be illogical; the vast
majority of pit slopes are dug out and, in
fact disappear after a (short) period of time.
The design of open pit mine slopes is a fascinating subject and its solution is one of the
most potentially rewarding of our profession.

No fewer than five laboratories were involved
in carrying out geotechnical tests on samples
of the soil and rock at Buki t Asam; the four
Indonesian labs carried out by far the greater
number of tests.
A wide variety of tests were
performed,
including identification tests
(grain size analysis, Atterberg Limit determinations, specific gravity (relative density),
natural water content and unit weight measurements), one dimensional consolidation tests,
unconfined compression tests, high pressure
permeability tests, and direct shear tests.
The fact that one hundred and sixty-eight
direct shear tests were made will give an idea
of the scope of the laboratory program.
All
tests were carried out to ASTM or equivalent
standards.

Various forces are at play and often these
forces act in opposite directions. For example,
economics dictates that the least amount of
overburden and interburden (waste) be dug out
of the pit with the coal; this means that steep
pit slopes are much preferred over shallow
ones. Some types of equipment such as shovels
require steep faces on benches and can accommodate either steep, shallow or intermediate
overall pit slopes without difficulty.
Other
types of equipment such as bucket wheel
excavators tend to function more efficiently in
pits with a shallow overall slope.
Mine
planners also want pit slopes to have different
design lives.
These design lives range from
short lived benches which need only stand for
the short interval of time between passes of
excavators, to ramps and pit faces which have
an intermediate life of a number of months to
one or two years, to final pit slopes which
must stand 'indefinitely.' Mine planners do not
want a slope to stand any longer than it needs
to; they reason that stable slopes are shallow
slopes and therefore costly. (The ideal situa tion for a mine engineer is one in which all
the pit benches and side slopes fail the minute
the last kilogram of product is won from the
mine and the pit cleared of personnel and
machinery.) Also to be considered are requirements for safety. Safety dictates that the pit

PART II- PIT SLOPE STABILITY - INPUT PARAMETERS
A Global View
Experience and the laws of entropy tell us that
no slope will stand up (last) for ever.
In
mining, economic considerations often mean that
slopes must be allowed to fail, but hopefully
in a predictable and safe fashion.
If the
requirement were imposed that all pit slopes
must stand indefinitely, many mining ventures
might not go forward.
In any event, such a
a directive (that the slopes must be able to
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walls must be stable as long as they represent
a threat to personnel.
This means that the
slopes be designed conservatively, that is to
say they must be less steep or differently
orientated than economics alone would dictate.

porewater conditions which will pertain at some
given time in the future for which the analysis
is made. This subject is discussed in detail in
a subsequent section; here it need only be said
that groundwater conditions and material
properties are not completely independent,
In
terms of effective stress, the strength of any
material is directly dependent on the porewater
pressure; the unit weight of a material also
depends on its water content. But for purposes
of slope stability analysis, most geotechnical
engineers consider
material
properties and
porewater pressures
to
be
independent
variables.

For the geotechnical engineer, the design of
pit slopes is relatively straightforward at
first glance. There are, after all, only three
principal factors involved in any analysis.
These three factors are: 1) geometry·, 2)
material properties (principally strength and
unit weigh~). and 3) groundwater (porepressure)
conditions.
Geometry refers to the shape of the slope to be
analysed - its height, the angle of the slope,
whether or not there are benches.
Geometry
also refers to the structural geology within
the slope in question
the stratigraphic
profile, the dip of the beds, the locations of
joints and faults and so forth.

Describing the Geometry
Given that this case history concerns pit slope
planning, what is being asked of the geotechnical engineer is his approval of the proposed
shape of a partie ular slope,
The design slope
must be safe, economic and meet mining requirements.
Experience shows that there will be no
unique slope geometry which will meet all
situations; slopes which are required to stand
in the short term will be different (steeper)
than slopes which will be expected to stand
over a longer period of time (perhaps
indefinitely); slopes which parallel the strike
of the beds will have a different geometry from
those which parallel the dip and so on. Those
issues of pit slope shape (geometry) which
result from
m~n~ng
requirements
(equipment
capabilities, drainage features, access, and
production demands) will not be considered
here.
Instead, only those geological features
and geotechnical features which make up the
structural geology (or the inner geometry) of a
slope are of interest.

Usually the preferred shape of a pit slope is
described by the production mine planners; the
shape is a function of access to the ore (in
this case, the coal), economics, production
requirements, equipment characteristics and so
on. The structural geology comes from an interpretation of borings, inspection of outcrops,
and an understanding of the regional geology.
The geometry in a mine is ever changing. Slopes
which were of concern one day may be dug out
and disappear the next.
Also, the real asbuilt slope may be markedly different from the
design slope - benches may be at a different
elevation,
for example, or coal production
requirements may vary, and there may be more or
less time available for overburden removal.

As was stated earlier in Part I, excellent
stratigraphic profiles of
the site were
prepared by the consultant's geologists who
were assigned to the project;
they had a
wealth of data and they had :to produce high
quality cross sections for m~ne planning in
terms of coal quantity and quality.
Thus the
depths and thickness of the various beds were
well defined as were the location and extent of
major fault systems. What was missing, however,
from the point of view of the geotechnical
engineer, was a detailed 'picture' of the rock
joint pattern;
detailed knowledge of the
spacing and orientation of joints is often the
key to successful pit slope design,

Material properties refer to the strength of
the materials in a slope and how dense they
are.
One difficulty is, of course, that the
properties of clay shales (the 'problem'
material at Buki t Asam) are dependent on so
many factors. These factors include such things
as stress level and exposure to air.
When it
is dug out and exposed, the Buki t As am shale
weathers rapidly from sound intact rock to
material with a nuggety structure, and then to
clay.
Also,
the strength and deformation
properties of the shale are direction
dependent; the shale was originally laid down
in layers; it has been heavily overconsolidated; and it contains interbeds of stronger
(sandstone)
and weaker (bentonitic clay)
materials. Given the varying constituents in
the clay shale, even its unit weight varies
from location to location.

As part of the geotechnical investigation,
then, a joint survey was carried out for the
purposes of slope stability analysis. The
procedures which were used for the joint survey
followed very closely the recommendations which
are made in the chapter entitled "Evaluation of
Geological
Information for
Slope Stability
Analysis" i~ the Canadian Pit Slope Manual
( 1977) and ~n the book Rock Slope Engineering
by Hoek and Bray (1977).

There are, as well, at Bukit Asam a number of
different materials which will make up the pit
walls.
Presumably, the properties of all of
these materials - from sandstone to siltstone,
from tuff to coal, and from clay shale to sand
and gravel - have been measured and evaluated.

Major difficulties were encountered when
carrying out the joint survey at Buki t Asaro.
One difficulty was the lack of proper (fresh)
rock exposures.
Natural exposures wer~
relatively abundant, but the surface material
had either weathered so severely that it was
the consistency of soil, or the surface was
nothing but a mass of micro-fissures and
fractures.
It was known from fresh rock

The third factor in a slope stability analysis,
groundwater conditions, is also complex.
Admittedly, it may be relatively easy to
measure the initial condition with piezometers
(which was done at Buki t Asaro) but in general
these intial conditions are not relevant to
design.
What is relevant, of course, are the
796

markedly different from the shearing resistance
along joint surfaces. To help distinguish
between slope movement in intact material and
movement along old slip scars or fault/fissure
surfaces, Skempton coined the phrase "firsttime slides." It is useful here to think in
terms of "first-time strengths" for material
which has never been presheared either by
tectonic movement or previous landslides.
Presumably the term "first-time strength" would
apply to some joints as well as intact
material. The two halves of "first-time" joints
would not be displaced.

exposures in the mine and from fresh rock core
that these weathered, natural exposures were
not representative of the rock mass.
Nevertheless, sufficient information was gained
to enable the geotechnical engineer to realize
that 1) jointing was a problem and 2) that
there was a preferred direction of the joints
in any localized area.
Two subjects for further research spring
readily to mind at this poin~:
1) geophysioat. (01' othe1') methods shout.d be
deveLoped so that joint patte.,.ns oan be
dete.,.mined th1'ough a oove1' of ~eathe1'ed
1'0ok. A devioe ~hioh wout.d be usefut. ~out.d
be abt.e to disoove.,. majo1' fLa~s in the
~eathe1'ed 1'oek muoh in the ~ay that ~-.,.ays
a1'e used to 'see' fZa~s in ~et.ds.
If
possibt.e, the 01'ientation of these 'fZa~s'
01' joints in the 1'ook shout.d be dete.,.mined
as ~et.Z (P1'iee, 1983).
2) a simpZe, ine~pensive way must be found fo7'
01'ienting d7'i1..Z oo1'e and fo.,. dete1'mining
the t1'ue di'T'eotion of the po1'tion of the
d7'iZZ hot.e f1'om ~hioh the oo1'e oame.
The
fiet.d engines.,. 01' geot.ogist then oout.d
dete1'mine the tr>ue st1'ike and dip of any
f1'aetu1'es in the oo1'e.
If a devioe is
neoessa'T'y,
it
should be 1'sZativeZy
unsophistieated and 1'0bust in othe1' Wo1'ds
it shouZd be suitabLe fo.,. fieLd use.

(It is of interest to note that the Buki t Asa.m
shale is similar to shales found in North
America.
Figure 2 is a comparison between

WIND RIVER SHALE
• WASAlCH SHALE
~ WASAl'Qi SHALE
+ BUKIT ASAM SHALE
o

0o~~--~--~~~~-±~~-80~~90~1~00

Strength
The seven widely spaced geotechnical borings
were made especially to obtain specimens of the
materials which would make up the walls of the
open pit.
Diamond drill rigs with hydraulic
feed and HQ size triple tube core barrels were
used to obtain core of high quality. Wire line
techniques were employed so that the time it
took to recover the core was minimized.

Fig. 2.

Comparison of Atterberg LimitR between
Buki t Asam and Three Mines in Wyoming
reported by Clough et al.

Atterberg Limit test results of Buki t Asam
shale and test results reported by Clough, West
and Murdoch (1978) for three sites in Wyoming.)
Figures 3 to 7 inclusive show the results of
direct shear box tests which were run on the
shale of Buki t Asam.
While being tested in
direct shear, all specimens of shale were kept
underwater.

Rapid deterioration of the core on exposure to
air was a continuing problem. Within minutes o~
the core barrel being emptied the rock started
to weather.
Within twenty minutes to one-hal~
hour, sound sticks of rock would turn into
stacks of poker chips.
No attempt was made to
carry out any type of strength test in the
field; instead, representative lengths of core
were quickly logged, wrapped in plastic and
foil, and then dropped into lengths of rigid
PVC pipe.
The annular space between the core
and the pipe was filled with wax and the ends
of the pipe were capped. This procedure enabled
lengths of core to be shipped safely from the
remote mine site in Sumatra to the laboratory
facilities which had been set up on the island
of Java at Bandung and Jakarta.

For first-time shear strength measurements, a
short length of core was mounted in a shear box
in such a. way that the natural bedding was
parallel with the plane of action of the shear
box (no significant number of tests were made
across the bedding). Both the peak shear stress
and the shear stress at the limit of travel of
the shear box were recorded (none of the six
shear boxes which were used for this testing
was equipped for reversing the direction of
movement of the box and no attempt was made to
do this manually). The results are reported in
Figures 3 and s.

Shale has a number of different strengths as
far as the geotechnical engineer is concerned.
Of these various strengths, two are particularly important in slope stability analyses in
effective stresses: 1) the peak shear strength
and 2) the residual shear strength. The situ.:.
ation is complicated, however, by the fact that
the shale has bedding planes; the shear
strength across the bedding planes is different
from the shear· strength along the beds i.e. the
strength is direction dependent. In addition
the Buki t Asam shale is heavily fissured and
faulted; the shear strength of intact rock is

Pre-existing bedding planes and joints were
tested by aligning very carefully the preexisting plane with the line of action of the
box·
Both a maximum shear strength and the
shear strength at the limit of travel of the
shear box were recorded (Figures 3 and 6).
I~
order to assess whether by chance the
mJ.nimum shear strengths which were measured at
the limit of travel of the box were residual
strengths, specimens of rock were cut with a
hacksaw and
the resulting surfaces were
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An examination of Figures 3 to 7 allows
the
following conclusions to be drawn.
1) First time strengths measured on intact
specimens of shale show the greatest
scatter.
Peak strengths anywhere from 370
to 2270 kPa were measured when the normal
stress was in the 900 to 1000 kPa range;
this represents a six fold increase in
strength from the lowest to the highest
value.
2) The results of tests on pre-cut and
polished surfaces show the least scatter.
However, the variation in measured strength

Direct Shear Test Results - Clay Shale

polished to remove any asperities. The polished
surfaces were then mated and carefully aligned
in a shear box for testing; the results are
found in Figure 7.
In all such tests, there
were no peaks in the stress-strain curves and a
constant shearing resistance was reached after
very little initial strain.
It seems reasonable to consider that the measured strengths
were residual.
798

3)

4)

is still important, ranging from a $' value
of 11° to 24° (with c' = 0).
Ten of the 16 intact specimens (or 62%)
gave end-of-travel (minimum) shear strength
values which were greater than the upper
limit of the residual values measured on
the pre-cut and polished specimens.
Similarly, 6 out of 18 (or 33%) of the preexisting
surface
end-of-travel
shear
strengths were greater than the maximum
pre-cut, polished shear strengths.
It is
concluded from this information that the
maximum displacement of the shear boxes was
not large enough to ensure that residual
strengths were reached. It would be unsafe,
therefore, to take the end-of-travel shear
strengths to be residual values for slope
stability calculations.
Only 6 out of 21 of the peak shear
strengths of pre-existing surfaces fell
within the range of the residual strength
values measured on cut and polished
surfaces.
It is reasonable to conclude
that even pre-existing surfaces such as
joints and fissures can have peak shear
strengths (which may, in fact, be firsttime strengths).

clays such as clay shales.
Morgenstern's
discussion is more complete in that he made use
of analytical work presented subsequent to
Bishop and Bj errum.
Morgenstern pointed out
that "pore pressur·e equalization is essentially
a swelling process whose rate is governed by
the coefficient of permeability, swelling
properties of clay, and appropriate boundary
conditions."
Both Bishop and Bjerrum, and
Morgenstern, discuss in some detail the effect
that stress release during excavation has on
the opening of fissures and fractures, and the
resulting increase in permeability. The recent
work of Silvestri and Tabib ( 1983) is of
interest.
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Pore Pressures
The consultant's hydrogeologists were able to
discern a pattern of groundwater flow from
their various tests and the piezometer
readings.
For the purposes of pit slope
engineering, however, it seemed reasonable to
assume that
the pre-excavation groundwater
pressures were hydrostatic, with the phreatic
surface coincident with the ground surface.
Excavation, and the concomitant unloading of
the pit slopes, will lead to a marked drop in
these porepressures.
While no measurements of
porewater pressure were made in the slopes
which were being formed during the ongoing
mining operations, it is commonly accepted that
steep slopes in clay and clay shales stand in
the short term only because the initial pore
pressures are low and may even be negative.
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PORE PRESSURE DISTRIBUTION
EXCAVATION

Fig. 8

An early attempt to conceptualize the pore
pressure 'path' in a slope during and following
excavation is given in the landmark paper by
Bishop and Bjerrum in 1960.
Their key figure
is reproduced on Figure 8.
There, the low
permeability (clay) soil is responding to the
unloading of the slope during excavation
(undrained) and then, over time, to swelling or
rebound to a new steady state circumstance
(steady seepage) •
The change in factor of
safety over time is also shown. Note, however,
there are no scales to the figure, particularly
for the length of time it takes for pore
pressure redistribution to occur.
Yet it is
this length of time which is most critical to a
mining engineer.
Often he knows that his pit
slope or bench is too steep to be safe in the
long term and so will eventually fail. However,
he plans on re-excavating this slope or bench
at some time in the future during the further
development of the mine.
He needs to know how
long he can safely leave the slope or bench; he
needs to know the stand-up time.

EQUILIBRIUM

The Changes in Pore Pressure and
Factor of Safety During and After
Excavation of a Cut in Clay (from
Bishop and Bjerrum).

There is a further factor which must be taken
into consideration when looking at pore
pressure equalization, and that is the
influence that changes in the factor of safety
itself can have on the pore pressure (Shields
and Skermer, 1980).
As the pore pressures
build up from their low value after excavation
ceases, there is a reduction in effective
stress and a tendency for the resistance of the
soil to decrease.
Since the gravitational
forces which are tending to cause the slope to
fail remain constant, the shear stresses in the
ground remain essentially constant.
The
constant shear stress demands can only be met
if there is greater and greater mobilization of
friction (and possibly cohesion) within the
soil that is if the strength of the soil is
continuously ' being more fully mobilized
(leading to the drop in factor of safety). The
mobilization of shearing resistance is itself
accompanied by pore pressure changes due to the
tendency of soils to change volume as they
shear. If the soil is dilatant, the net effect
is to slow down the rate of pore pressure
equalization; conversely, if the soil is contractant, the rate of equalization is speeded

The Bishop and Bjerrum argument was referred to
by Morgenstern in 1977 when he discussed slopes
and excavation
in heavily overconsolidated
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Direct Shear Test Results - Clay Shale

Direct Shear Test Results -Clay Shale
is shown of the 'displacement angle.' The displacement angle is calculated from the amount
of rise or fall of the top platen of the shear
box during a measured amount of shear displacement, that is to say during the shear displacement which has occurred between two readings.
A rise leads to positive displacement angles,
signifying the soil to be dilating.
While
there is considerable sea tter in the displacement angle values, the values do allow an
appreciation to be gained of whether the sample
is dilating or contracting at any particular
instant.

up.
Most heavily overconsolidated clays
exhibit an initial pore pressure build up
during triaxial compression tests (positive A
values), but the pore pressures soon start to
decrease (negative A value).
Thus there is
another dimension which must be added to Figure
8 to reflect the changing value of A as time
progresses and the factor of safety decreases.
In the case of the Bukit Asam shales, no
undrained triaxial tests with pore pressure
measurements
were
performed,
unfortunately.
Such tests would have made it possible to
follow the evolution of the pore pressure as
each specimen was loaded to failure i.e. the
evolution of A with factor of safety.

While many shale specimens dilated during shear
(Figure 9), other specimens sheared essentially
at constant volume (Figure 10). Some specimens
contracted during test. All shear box tests
were run very slowly (O.OOlmm/ minute).
Full
displacement was attained only after one week
of testing;
therefore it is reasonable to
assume that the tests were fully drained.

Information is available on the volume change
characteristics of the shale during the direct
shear tests; this information can be used to
infer whether A would be negative or positive.
During each test, the change in the thickness
of the sample was measured along with the
displacement of the top of the shear box.
Two
results are presented in Figures 9 and 10.
In
order to better illustrate what type of movement was taking place between readings, a plot

While no clear picture emerged as to the
influence that dilatancy effects might have on
th·e stand-up time of slopes at Buki t Asam, it
is thought that given the low permeability of
the shale such effects could appreciably
shorten or lengthen stand up time.

BOO

c·onsiderably more laboratory testing needs to
be done.
Ideally, undrained triaxial tests
should be run following the stress paths the
shale will undergo in the field.
This would
mean running lateral reduction tests in which
the cell pressure is reduced while the major
principal stress remains constant.
Also,
further
theoretical work using numerical
analysis techniques would make it possible to
use consolidation data and shear induced pore
pressure changes to predict stand up time.

analysis; the same arguments apply in general
to any limit state, slope analysis method.
Bishop established the following equations for
the overturning moment, Ma, and the resisting
moment, Mr (Alonso, 1976):
NS
Ma = r·~x i~ 1 yihi sin8i
(1)
M

r
Given the fact that no satisfactory theoretical
model exists for predicting the rate at which
pore pressures equalize in a slope,
field
monitoring
programs
must be
instituted.
Ideally, porewater pressures should be measured
but since reliable piezometers are not available it is necessary to measure the rate at
which slopes fail.
Such a program was
instituted at Bukit Asam using terrestial
photogrammetry (Shields and Harrington, 1981).

where

Needs for further research include: 1) Laboratory proeedures for follo~ing the evolution of
porepressures during
a typicaL- theoreticaL
stress path in a pit slope; both the infLuences
of stress relief and shear strains and the
influence of time and drainage need be taken
into account and 2) development of pore~ater
pressure gauges (piezometers)
~hich
respond
readily to change and whieh enable high
negative porep-r>essu-r>es (suction)
to be
measu-r>ed; sueh piezomete-r>s could follow the
evolution of porep-r>eSSU-r>es With the advancement
of the mine faee and then with time afte-r> the
pit slope is fo-r>med. Fu-r>thermo-r>e 3), mathematical models which enabLe the evolution of porep-r>essu-r>es in pit slopes to be predicted a-r>e
-r>equired; these models ~ill build on the ~ork
of Eigenbrod (1975) and Silvest-r>i and Tabib
(1983).

=

r • Llx

NS c.+
~

Y. h.

~ ~

tan~

. - u

~

tan~.

i

i~ 1 cosei + Ri sinei tan~i

~

( 2)

radius of trial circle
slice thickness
number of slices
unit weight of material in slice i
height of slice i
angle between segment i of the
failure surface and the horizontal
Coulomb cohesion acting on segment
i of the failure surface
Coulomb angle of internal friction
of the soil along segment I of the
failure surface
coefficient of friction acting on
segment i of the failure surface
porepressure acting along segment
i of the failure surface
degree to which the shear strength
is mobilized along segment i of
the failure surface (= 1/Fi in
Bishop, 1955)

In a deterministic approach to design, the
geotechnical engineer determines the factor of
safety against failure of a slope. The engineer
chooses particular values of Yi, ci and ~i;
specific values of hi and 8i result from a
given profile, circle centre location, and r;
and ui
is either 1) calculated as a particular fraction of Yihi (called ru), 2) determined from a given flow net, or
3) interpolated from measured values of u.
A unique
value of the factor of safety Frxy is then

PART III - PIT SLOPE DESIGN
Commonalities of Probabilistic and
Deterministic Approaches to Design
Both probabilistic and deterministic analysis
of the stability of slopes are based usually on
a mechanistic model of how slopes fail.*
Most
geotechnical engineers assume movement will
take place along some well defined rupture
surface which can be represented by either a
circular arc or a combination of circular arcs
and/or log spirals (non-circular arc analyses).
Planar failure surfaces co-incident with joint
surfaces are often used to analyse rock slopes.

M

.

determined from Frxy = _! for the particular
Ma
location of the centre of the circle (x, y) and
radius r.
(Note that according to Bishop Frxy
= 1/Ri.) Both the centre of the circle and the
radius are varied until a minimum value of
Frxy= F is found.
In a probabilistic approach to design, the
geotechnical engineer attempts to determine the
probability of failure of a slope.
In its
simplest form, the engineer tries to determine
the probability that Mr - Ma ~ 0, given a
critical failure surface (in Bishop's case, the
worst circle) and variable possible values of
yi, hi, ci, ~i• ui and Ri. The problem can be
illustrated schematically in Figure 11 (see for
example Harr, 1977 or Magnan and Baghery, 1982)
where the cross-hatch area represents the
probability that Ma is greater than Mr.

Given the large scale of the principal slopes
proposed for Bukit Asam (which will be 100
metres or more in height), it was reasoned that
analysis of the circular arc or non-circular
arc type would be more realistic and appropriate than the analysis of wedge or toppling
failures. Both modified Bishop, and Morgenstern
and Price methods of analysis were used.
For the purposes of discussion, reference will
be made here to the Bishop ( 1955) method of
*See, though, the paper by Revilla and Castillo
( 1977) using a calculus of variations
technique.
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factor of safety which may be calculated using
the mean value of
cf>' (purely frictional
material).

c:

0

~

f (M 0 )

~

f (Mr)

-

Given, then, that a reliability analysis of the
proposed pit slopes at Buki t Asam would offer
irrefutable advantages, the question has to be
asked 'why was it not done.'
(As will be seen
in the next section, a deterministic approach
was taken instead.)
Magnan and Baghery ( 1982)
give an excellent summary of the state-of-theart of reliability analysis in soil mechanics
at the end of 1978, a date which just happens
to coincide with the start of the work reported
on here (the project ran throughout 1979 and
terminated in mid 1980). Simply stated, neither
the means nor the personnel skills were available at the time to analyse probabilistically a
site and project as complex as the one
described here. It is doubtful even now, five
year~
later at the end of 1983, that it is
pOSSlble.
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The Probability of Failure

The Promise and Present Limitations of a
Reliability Approach to Pit Slope Design
In many ways, a reliability or probabalistic
approach to slope stability analysis is ideally
suited to mining.
For one thing, mining promotors and managers, and miners themselves, are
accustomed to taking risks; the people involved
have an appreciation of what is meant by the
probability of success or failure.
For another
thing, the factors involved in assessing the
stability of a pit slope are random variables
which often do not lend themselves to
determinism.

If for no other reason than to be able to indicate the need for further research (which is,
after all, a stated aim of the conference), it
is worthwhile looking at the issue of reliability analysis in detail.
This will be done
starting with the report of Magnan and Baghery
and using the particular case of Buki t Asam as
an example.
Magnan and Baghery describe no less than 13
approaches to the analysis of slopes using
reliability as the criterion.
The approaches
vary considerably.
One approach is fairly
straightforward and considers the circular arc
analysis of a purely cohesive soil in terms of
total stresses.
While both the disturbing
stresses and the resistance are independent
variables, they depend only on unit weight
variation and uncertainty in the cohesion
values respectively.
With these simplifing
assumptions it is possible to calculate the
probability of failure for any determined
factor of safety based on mean densities and
cohesion.

At Bukit Asam many of the factors which go into
a stability analysis could not even be characterized satisfactorily in statistical terms let
alone deterministically. An example would be an
analysis of the likelihood (probability) that a
m~ne face would run parallel to a joint set,
gLven 1) that local measurements of joint
direction can be plotted as a random variable
and 2) there is little information in the way
of past experience as to the randomness with
which miners align a pit face even when a
preferred orientation is specified (the preferred direction being at an oblique angle to
the joints).
Both joint direction and actual
pit alignment experience remain unknowns which
would require a great amount of field work and
research to determine.

Another interesting approach to reliability
analysis, which shows promise of being able to
handle quite complex combinations of independent variables (if at present only a limited
number of these variables, for example both c
and cf> ) , is the Monte Carlo technique.
In this
approach the required parameters (the material
properties, say) are chosen randomly but with a
frequency which corresponds with an assumed
distribution for each parameter.
After an
initial factor of safety is calculated using,
for example, modified Bishop and the single
(chosen)
values of the variables, new
parameters are selected and a second factor of
safety calculated, and so on.
Once anywhere
from one hundred to a thousand values of the
factor of safety are calculated, the probability of the factor of safety being less than one,
that i<il to say the probability of failure can
be determined.
'

With other factors, it makes only commonsense
to t~k~ a probabilistic approach to stability
predLctLon. For example, it seems only reasonable to characterize the shearing resistance of
the Bukit Asam rocks in statistical terms.
Least squares regression analyses could be
carried out to find the best fit straight lines
(friction angles) to 'represent' the various
test results of Figures 3 to 7 inclusive.
But
in_ the case of the intact, peak strength
(FLgure 3), a representative value determined
in this way would have very little meaning.
A
best fit line ( cf> = 19 °) is shown for the
residual strength values where the scatter of
test results is least (Figure 7). Even in this
case it would be imprudent to assume that the
best fit line really represents the residual
shear strength of the . shale.
The range of
possible residual coefficient of friction
values (tancf>') is from 0.194 for cf>' = 11° to
0.445 for cf> = 24° (as compared to 0.344 for themean value of 19°).
The limits of the range
represent multiples of 1. 3 and 0. 56 times any

The most promising method reported on by Magnan
and Baghery is due to Alonso ( 1976). 1 In this
1 Also described in Yong,
(1977).
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Alonso and Tabba

approach, the familiar modified Bishop method
of slices is used as the model on which
calculations are based.
The Bishop equations
for overturning moment and resisting moment
were stated earlier (Equations 1 and 2) and the
various sources of uncertainty were recognized,
(yi, hi, ci, ¢i• ui and Ri). Alonso uses only
the means, variances and covariances of these
variables (along with a random dimensionless
parameter representing the model prediction
error) to arrive at a probability density
function of the safety factor.
The probability
that the factor of safety will be less than one
is then computed.

4)

5)

The method has limitations, however, which made
it unsuitable for analysing the proposed pit
slopes at Buki t Asam.
According to Alonso:
The soil mass is assumed to be homogeneous and continuous.
No considerations are given to discontinuities
such as cracks, inclusions, seams, and
pre-existing shear planes.
The model
is viable and applicable in situations
where
uniform nonlayered
subsurface
profiles are encountered.
However, in
cases where highly layered subsurface
profiles exist, and when soil properties are strongly correlated, other
more powerful mapping techniques are
required.

6)

This statement plus consideration of the partie ular requirements of Buki t Asam point to a
number of immediate research needs:
1) The true limitations and possible expansion
of the capabilities of ALonso's method
should be explored.
In particuZaP it would
be ver>y useful to have step by step
instPuctions on how to follow AZons~'s
method through a typical example (this tack
of worked examples is a genePaZ cr>iticism
directed at aZZ published papers on peZiabiZity in geotechnical engineering).
2) Gpeater effort should be made to draw
together and compaPe material parametePS
for all earth materials. Attempts have been
made (see HaPP 1977 and Alonso 1976, for
example), but the results ar>e only partial
and incomplete.
Table 1 gives unit weight
data for>
Bukit Asam.
Of particular
interest is the large variation in the coat
density.
3) The effe~Jts of time on mater>iat properties
and por>ewater p'Y'essupes should be quantified in statistical ways.
Aftep standing,
say, one year, what is the possible distribution of porepressupe and strength in a
given slope?
The distPibution would have
two dimensions - spatial in tePms of the
change from point to point in the sZ.ope,
and random in vaPiation in tePms of the
Z.ikeZ.y value at any paPticulaP point in the
sZ.ope.
Eigenbrod (1974), Shields and
SkePmer> (1981), SitvestPi and Tabib (1983)
have made a start only.

Alonso's work should be extended to include
layering, jointing (in par>ticular oJ>ientation), and faulting.
Of paPticutar interest
would be a study of the influences of strength anisotropy on stope performance.
For
the Bukit A sam slope shown in Figure 1,
information is available on the vapiation
in the thickness of each of the layers, the
vapiation in elevation (and therefore stope) of the layers, vaPiation in water contents and relative density of the materials,
and so on.
A statistical appr>oach should be made to
the
question
of
peak,
post-peak
and
residual stPength. Here once again Bishop's
modified slope stability equation could be
used as the basis for a study. The strength
mobilization factor> Ri, which in turn could
be related to strain and therefore strength
with respect to the peak, might be the
place to stapt.
The geotechnical engineering community
should attempt to standardize the basis on
which probabilities of failure are calculated and reported.
Research is requiPed
to determine the best and most acceptable
way to do this; Bishop almost singZehandedZy bPought order to the question of factoP
of safety in slope stability.
Then the
engineering pr>ofession would have to agPee
on what are deemed to be a~Jceptable levels
of Pisk, much as the profession has ag'Y'eed
to acceptable minimum fa~Jtors of safety.
Meyerhof
(1970) made a stapt,
as did
Athanaisou GPivas (197?).

The Deterministic Solution to the Problems at
Buki t Asaro
Even if probabilistic methods were available to
'solve' the slope stability problems facing
geotechnical engineers (such as those at Buki t
Asaro), many engineers would be skeptical of the
solutions -and rightly so.
Reliability theory
must not be allowed to replace engineering
judgement on important projects of this nature.
Statistical
parameters
and
probabalistic
solutions will only ever be as good as the
input data which, in turn, will always remain
imperfect.
Given that reliability theory has
the state-of-the-art required for
of complex slopes, a deterministic
evolved for the preliminary design
Asaro pit.

not reached
the analysis
approach was
of the Bukit

Only the analyses of the long term stability of
the pit slopes is considered here, since, from
an economic standpoint, they had the greatest
effect on the viability of the project. Calculations were made as well of the immediate
slope condition assuming instantaneous excavation to full depth (in a box cut say).
Midlife calculations, that is to say calculations
of the stability of slopes with a life of from
a few months to one or two years, were not made
because of a lack of data on boundary drainage
conditions and the unavailability of a suitable
mathematical model for predicting porepressures
at some future time taking into account
changing stress conditions.

Table 1 - Variability of Material Properties
No. of
Density Standard Coeff. of
Material Samples Mean
Deviation Variation
Shale
48
21.3 kN/m 3
2.04
0.096
Sandstone
22
21.8
1.54
0.071
Coal
10
13.9
4.12
0.296
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resolution of the problem is simple, there was
no need to consider this case in the stability
analyses.

Returning now to the long term calculations, a
somewhat idealized, but fairly typical highwall
cross-section, was drawn based on available
geological data.
The chosen cross-section is
shown in Figure 1. Four cases of stability were
analyzed.

Both Bishop circular arc and Morgenstern-Price
non-circular arc analyses were carried out.
Results for the four cases are given in Figure
12.
A simplifying assumption was made that
average Mohr-Coulomb strength values could be
used for each principal stratum shown in Figure
1; this was done instead of dividing the rock
into thinner layers, in order to simplify the
calculations.

Case 1: Analyses were carried out using intact
(non-joint) peak shear strength parameters. The assumption was made that
porepressures were equal to zero, i.e.
the slope was fully drained.
Case 2: Apparent residual shear strength parameters were used to represent the rock
strength.
Test results indica~ed that
the residual values were independent of
whether intact rock or joints were used
as specimens.
The fully drained situation was assumed.
Case 3: Slopes were analysed using peak, joint
strengths. A steady seepage condition
was assumed with the ph rea tic surface
almost coincident with the ground
surface.
Case 4: Residual shear strength on polished,
precut rock surfaces were used with the
groundwater conditions of Case 3,
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In each case, engineering judgment was used to
choose (determine?) the material parameters particularly strength parameters - which would
apply to each layer in the ground. The engineer
has to walk a fine line between pessimism and
optimism when he makes these choices.
For
example, if he were to choose cp
19° to
represent the residual strength of the shale
(Figure 7), he would have to satisf2' himself
that the lowest (11°) values did not represent
the true residual strength of bentonitic layers
in the shale. There were, of course, bentonitic layers reported in the drill logs at Bukit
Asam and it is known from case histories (such
as with the Bearpaw shales in Canada) that
residual friction angles of 11° are not
unrealistic.
0n the other hand, it is not in
the economic interest of the mining operation
to design and construct always for lower bound
strengths, whether one is considering a range
of peak values or a range of residual values,
just to be on the 'conservative' or 'safe'
side. The designer owes it to his client to
consider the more probable (that is, more
economic) scenarios in addition to the 'worst.'
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Calculated Factors of Safety

A fifth case, Case 1' , is also shown on Figure
12. This case is nothing more than an infinite
sl·ope analysis with a high water table applied
to the results of Case 1. The factor of safety
reported for Case 1' is equal to the factor of
safety for Case 1 mul tipli€d by the submerged
unit weight of the rock y' and divided by the
saturated wet unit weight,
, i.e.
Y•

Factor of Safety = -· Factor of Safety
Case 1'
Y
Case 1
The factors of Safety Case
strongest rock parameters
ground water conditions.

The values of c' and 4>' shown in Figure 1 were
judged to apply for the analysis reported here.

(3)

1' represent the
and the poorest

In order to choose a long term slope angle,
even for preliminary design, it is necessary to
come to terms with the issue of peak versus
post-peak versus residual strength. It is also
necessary to decide on whether or not joint and
fracture plane directions are unfavourable, and
what the pore pressure conditions are likely to
be.
Professor A. W. Skempton has changed his
ideas over the years as he wrestled with
delayed slope failure in London Clay. Briefly,
he went from peak strength with a high water
table and loss of cohesion in 1957, to residual
strength in 1969, to the concept of the gradual
relief of negative porepressures in 1977. It is
likely that we too will change our opinions as
this m.ine is developed and actual experiences
become .1!-vai lable.

Case 1 was considered to be analagous to the
best possible combination of conditions
highest rock strength and no porepressure - and
was considered to give upper bound factors of
safety.
Case 4, was taken to give lower bound
factors of safety, even though it could he
argued that the steady seepage condition with
flow following the slope, is not the worst
seepage case. The worst seepage condition would
be a case in which there was an upward flow of
groundwater at the toe of the slope; there was
some evidence of upward flow conditions at one
or two boreholes, and the bottom of the
existing pit had heaved upwards. It would be a
relatively simple matter to install relief
wells to overcome this worst case water
condition, if it were to be shown in fact to
exist by future work at the site; because the
804

Instead, engineering judgment was relied upon
to present the mine planner with options
regarding pit slope angles and best estimate
factors of safety.
The determinism which was
implicit in this process is well recognized;
details are given in the text as to the
reasoning which went in to each step along the
way to the 'design line' for the long term pit
slopes.

At Bukit Asaro it is reasoned that after the pit
is opened up, the coal seams will drain more or
less freely, but at a rate many times faster
than the clay shale. The ground surface will be
groomed to shed water and minimize infiltration
into the ground.
Porepressures which are
initially negative will build up to, but
probably not
exceed,
atmospheric
pressure.
Therefore, the drainage conditions of Cases 1
and 2 seem reasonable.
Given what is known
about the joint and fracture frequency and
pattern at the site, it does not seem reasonable to assume peak, intact strength values for
design - thereby ruling out Case 1.
On the
other hand, assuming full residual strength
values for a working mine of limited life seems
too severe, thereby ruling out Case 2 as being
to pessmistic.

This case history is not presented, however, as
an example of "the way it should be done."
Instead, this case history is used to ill ustrate "the way it has to be done."
Recommendations are made~roughout the text for
research which is urgently required so that
engineers will be able to find satisfaction in
"the way it is done."

Case 3 is of interest since peak joint
strengths are used,
but the groundwater
assumption is too severe.
Using the same
reasoning which was used for Case 1' , but in
reverse, Case 3 can be corrected to remove the
the effects of high water table.
Correcting
Case 3 factors of safety by a factor equal to
Y/Y ' gives factors of safety which happen to
coincide with those plotted in Figure 12 for
Case 1'.
It is reasoned
should be made
Case 1' values
r·eduction in
values.
This
Figure 12.
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The next step would normally be to decide on an
acceptable factor of safety.
According to the
Design Curve, an overall pit slope of 22° would
have a factor of safety of 1.1.
Instead of
simply choosing a factor of safety
and,
therefore, a slope angle
the approach was
taken that since the cost implications of
widening the top of such a deep pit were important, an economic study was war ran ted.
In
addition, the mode of failure and the resulting
slope configurations were to be studied using
the operating pit as a test facility.
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